Introduction
The E2F transcription factor is a key regulator of cell cycle progression. There are six members of the E2F family (E2F-1, E2F-2, E2F-3, E2F-4, E2F-5 and E2F-6) (Hijmans et al., 1995; Lam and La Thangue, 1994; Sardet et al., 1995; Trimarchi et al., 1998) . The E2F transcription activity consists of a heterodimer between a member of the E2F family and a member of the DP family. Two members of the DP family have also been isolated (DP1 and DP2) Lam and La Thangue, 1994; Zhang and Chellappan, 1995) . It has been well established that increased transcriptional activity of E2F can promote cells to enter S phase of the cell cycle (Johnson et al., 1993) . It has been demonstrated that overexpression of certain members of the E2F family, E2F-1 for example, can also cooperate with the ras oncogene to transform cells in vitro and in vivo (Johnson et al., 1994; Singh et al., 1994) . The oncogenic activity of E2F-1 has been shown recently in E2F-1 transgenic mice (Pierce et al., 1998) . However, tumour development in the E2F-1 knock-out mice argued that E2F-1 could behave as both a tumour suppressor gene and an oncogene (Field et al., 1996; Yamasaki et al., 1996) . This is consistent with the fact that overexpression of E2F-1 can also cause apoptosis. Although the precise mechanism of E2F-1 induced apoptosis is unknown, E2F-1 can induce apoptosis through both p53 dependent (Wu and Levine, 1994; Qin et al., 1994; Shan and Lee, 1994) and p53 independent pathways, and that the DNA binding but not the transactivation function of E2F-1 is required (Holmberg et al., 1998; Hsieh et al., 1997; Phillips et al., 1997) . Defects in apoptosis have been identi®ed in E2F-1 (7/7) thymocytes suggesting that E2F-1 induced apoptosis is not an artefact of protein overexpression. Interestingly, it has also been shown that among the members of E2F family, only E2F-1 can induce apoptosis (DeGregori et al., 1997) . Together this evidence suggests that increased levels of E2F-1 will not automatically lead to cell proliferation.
In addition to the association with DP family proteins, the transcriptional activity of E2F can be regulated in vivo by members of a family of pocket binding proteins including the retinoblastoma protein Rb and Rb related proteins p107 and p130. Direct protein ± protein interactions between members of E2F family and Rb or Rb related proteins result in down regulation of E2F-dependent transcription (Chellappan et al., 1991) . It is generally believed that E2F-1, E2F-2 and E2F-3 favour the binding with Rb while E2F-4 and E2F-5 tend to bind to p107 or p130 respectively. The binding to E2F and repression of E2F-dependent transcription is thought to be the pathway through which Rb or the other members of Rb related proteins negatively regulate cell cycle progression in mammalian cells. The binding of Rb to E2F-1 can also inhibit the apoptotic function of E2F-1 (Hsieh et al., 1997) . This is in agreement with the observation that reintroduction of Rb had a profound inhibitory eect on g-radiation induced apoptosis in Saos-2 cells in which the E2F activity is deregulated due to the lack of functional Rb (Haas-Kogan et al., 1995) . Apoptosis caused by E2F-1 in response to DNA damage agent has also been seen in another cell system which lacks p53 (Nip et al., 1997) , thus the Rb ± E2F-1 complex may play a very important role in cellular response to DNA damage.
In response to DNA damage and stress signals, p53 levels rise and cells undergo G1 arrest or apoptosis (Ko and Prives, 1996) . It has been reported that in response to DNA damage and other stress signals such as hypoxia, Rb is hypophosphorylated and this could be dependent on p53 (Amellem et al., 1996; Krtolica et al., 1998) . In addition, an increase in E2F-1 but not E2F-4 protein level has also be observed in response to gradiation (Huang et al., 1997) . Thus, in response to DNA damage, there should be an increase in Rb ± E2F-1 complex, as E2F-1 favours the binding to hypophosphorylated Rb. The increased Rb ± E2F-1 complex might be responsible for the accumulation of E2F-1 in response to DNA damage, since Rb binding can protect E2F-1 from ubiquitination (Hofmann et al., 1996) . Therefore, one would predict that all the signals which can induce p53 could induce E2F-1 via the hypophosphorylation of Rb. Furthermore, the accumulation of E2F-1 would be dependent on p53 and Rb. It is also possible that the DNA damage induced E2F-1 is transcriptionally repressed by Rb.
Results
The expression of E2F-1 can be induced by stress signals including hypoxia
In order to understand how Rb and E2F-1 function in response to cell stress, we initially studied the E2F-1 response to some DNA damage agents in two wild type p53 and Rb expressing cell lines U2OS and RKO. The eect of UV on the expression level of E2F-1 was initially investigated and the result is shown in Figure  1a . A clear increase in E2F-1 level was seen in UV irradiated RKO and U2OS cells in comparison to the untreated controls ( Figure 1a , left panel). The change in the expression level of E2F-1 in response to UV was in contrast to that of PCNA which remained constant ( Figure 1a , lower part of the left panel). The expression level of PCNA was therefore used as a loading control throughout the study. As expected, under the same condition, the exposure of these two cell lines to 10 J m 72 of UV also induced the expression of p53 ( Figure 1a , right panel) and the degree of p53 increase are similar in both cell lines. Subsequently, we investigated the eect of other DNA damage agents which are known to induce the expression of p53. Cisplatin and etoposide are DNA damaging anticancer drugs which are inducers of the p53 protein. RKO cells were treated with three concentrations of either drug (2.5, 5 and 10 mg/ml) and 10 J m 72 of UV irradiation to act as a positive control. All drug treatments and the UV irradiation showed an increase in both p53 and E2F-1 protein expression while the expression of PCNA remained unchanged under the same treatments (Figure 1b) . These results con®rmed that E2F-1, like p53, is up-regulated in response to DNA damage agents UV, cisplatin and etoposide.
Knowing that the expression of E2F-1 can be induced by DNA damage agents, we then determined the kinetics of E2F-1 and p53 protein accumulation following DNA damage. A time course post UV irradiation was carried out over 48 h. Western blot analysis of E2F-1 expression showed that the protein levels increased after 6 h, tending to peak at 12 ± 24 h and then fell back by 48 h in U2OS cells (Figure 1c , left panel). The induction of E2F-1 by UV in RKO cells peaked at 6 ± 12 h and returned to the control level at 24 h after the irradiation (Figure 1c , right panel).
Since both p53 and E2F-1 can be induced by similar types of DNA damage agents, we were interested to see whether both proteins can be induced by agents such as UV with similar kinetics. A comparison of p53 and E2F-1 induction is shown in Figure 1d . U2OS and RKO cells were irradiated with 10 J m 72 of UV and harvested at 3 h intervals over a 12 h time course. As shown in Figure 1d , both p53 and E2F-1 expression levels started to increase at 3 h after the UV irradiation and continued to increase with similar kinetics in the two cell lines tested.
Since the DNA damage agents tested so far can all induce both p53 and E2F-1 with similar kinetics, it was interesting to us to ask whether the expression of p53 and E2F-1 can be regulated through the same mechanism. If so, one would predict that other stress signals which induce p53 could also induce the expression of E2F-1. One such signal is hypoxia. Hypoxia or lack of oxygen is one of the most common cellular stresses to which the tissues of the body have to respond. The p53 protein accumulates in cells exposed to hypoxia, and prolonged hypoxic conditions can induce p53 dependent apoptosis (Graeber et al., 1996) . RKO cells were exposed to hypoxia (the Oxoid anaerobic system) for 24 h, a time shown to cause p53 induction (Graeber et al., 1994) and (see below). As can be seen in Figure 2a , E2F-1 level increased substantially in RKO cells following hypoxic treatment for 24 h. The change in the level of E2F-1 protein was not due to dierent amounts of protein loaded on the gel because equal amounts of protein were used as determined by the BioRad system and the level of PCNA was unchanged (loading control, lower panel). The E2F-1 response to hypoxia was further investigated through a time course performed over 30 h in RKO cells. Immunoblotting analysis revealed that levels of both E2F-1 and p53 increased in comparison to untreated controls. The accumulation of E2F-1 and p53 followed similar kinetics. The protein levels started to increase after 16 h and peaked between 24 ± 30 h ( Figure 2b ). The kinetics of increases in p53 and E2F-1 was dierent from that seen in UV treated cells where E2F-1 and p53 levels start to increase 3 h post treatment. These results suggested that the response of E2F-1 to dierent cellular stress signals may vary.
Stress signals can induce the expression of E2F-1 independent of p53 and Rb
So far the results showed that E2F-1 can respond to the same types of stress signals and with similar kinetics as p53. Thus, it is possible that the accumulation of E2F-1 in response to stress might be dependent on p53. It might also be dependent on Rb since the increase in p53 in response to stress signals can cause the hypophosphorylation of Rb via the induction of the cyclin dependent kinase inhibitor, p21waf1/cip1, which can inhibit the phosphorylation of Rb through cyclin dependent kinases. The change in the phosphorylation status of Rb would then result in the increase in Rb ± E2F-1 complex which can then protect E2F-1 from ubiquitination. To investigate whether p53 and Rb proteins are involved in E2F-1 protein accumulation in response to DNA damage, three cell lines were selected which lack both p53 and Rb, or Rb or p53. We ®rst investigated the involvement of p53 in the E2F-1 response to stress signals. One of the cell lines used was the human lung carcinoma cell line H1299 which is null for p53 but express wild type Rb. As shown in Figure 3a , E2F-1 protein levels increased following UV irradiation of H1299 cells. Interestingly, the kinetics of the E2F-1 accumulation in H1299 cells in response to Stress signals induce transcriptionally inactive E2F-1 DJ O'Connor and X Lu UV is also similar as that seen in RKO and U2OS cells (Figure 1c ). The eect of hypoxia on the expression of E2F-1 was also investigated in H1299 cells and the result is shown in Figure 3b . A clear increase in E2F-1 expression was detected in H1299 cells exposed to hypoxia for 24 h, a time point which was shown to be able to induce E2F-1 in RKO cells. This data suggested that the accumulation of E2F-1 in response to UV and hypoxia is independent of p53. Nevertheless, H1299 cells express wild type Rb. It has been shown previously that the treatment of hypoxia or DNA damage agents can induce the hypophosphorylation of Rb (Amellem et al., 1996; Krtolica et al., 1998) . It was also demonstrated in vitro that binding of Rb can protect E2F-1 from degradation (Hofmann et al., 1996) . Therefore it is possible that although the increase in E2F-1 expression in response to DNA damage agents and hypoxia is independent of p53, it may still be dependent on the expression of Rb. To address this issue, we investigated the response of E2F-1 to UV and hypoxia in two dierent types of cells which lack functional Rb. One is Saos-2 cells which lack both p53 and Rb proteins and the other one is mouse embryo ®broblasts derived from Rb null mice. Interestingly, the accumulation of E2F-1 in response to UV detected in Rb(7/7) MEFs was very similar as that seen in the cells expressing Rb(+/7) (Figure 3c ). The accumulation of E2F-1 was also detected in Saos-2 cells (Figure 3d) . Furthermore, the increase in E2F-1 expression was ®rst detected 6 h after the exposure to UV, similar as that seen in H1299 and RKO cells (Figures 3a and 1c ). All these results argue strongly that the accumulation of E2F-1 in response to DNA damage as well as hypoxia can be independent of p53 and Rb.
E2F-1 induced by DNA damage is transcriptionally inactive
E2F-1 is a transcription factor which transactivates genes involved in the S phase transition such as DHFR, thymidine kinase, c-myc and DNA polymerase a. It has also been shown recently that there is an increase in the DNA binding activity of E2F-1 in response to DNA damage (Hoerer et al., 1999) . Therefore, it is possible that DNA damage induced E2F-1 is transcriptionally active. On the other hand, DNA damage or hypoxia often induce hypophosphorylated Rb, thus it is possible that the induced E2F-1 would be in complex with Rb and consequently transcriptionally inactive. To determine whether the observed increase in E2F-1 protein level coincides with increased transcriptional activity, stable cell lines expressing E2F reporter plasmids 36wt and 36mt Luc were produced in RKO cells. The 36wt reporter plasmid contains three E2F binding sites in the promoter linked to the luciferase gene. The 36mt is a control construct in which the E2F binding sites were mutated. In addition to the RKO cells, we also constructed stable cell lines in Saos-2 cells expressing E2F reporters 36wt and 36mt. Saos-2 cells express a truncated Rb which cannot bind to E2F-1, thus allowing us to investigate the role Rb may play in regulating the transcriptional activity of E2F-1 in response to stress. RKO and Saos-2 cells were transfected with 5 mg of reporter plasmids and 0.5 mg of neomycin resistant plasmid. The transfected cells were selected in 1 mg ml 71 G418 over a period of 2 ± 3 weeks. Colonies were isolated and the resulting stable lines were tested for luciferase activity. The stable cell lines 36wt and 36mt were plated in 60 mm dishes, irradiated with 10 J m 72 of UV and harvested 12 h post treatment. Analysis of the luciferase reporter activity of these stable cell lines in response to DNA damage agents such as UV would enable us to address the issue whether DNA damage induced E2F-1 is transcriptionally active. It would also allow us to investigate whether Rb would play a role in regulating the transcriptonal activity of E2F-1 in response to DNA damage. As can be seen from the graph of transcriptional activity (Figure 4a ), the level of transactivation in RKO cells did not increase following UV irradiation. Using the same cell lysate as that used to measure the luciferase activity, we were able to demonstrate that there was a signi®cant increase in E2F-1 level (Figure 4a, right panel) . This was in contrast to the E2F-1 induced upon serum stimulation. By establishing stable NIH3T3 cell lines expressing 36wt and 36mt-luciferase reporters, we were able to show that when cells were arrested at G1 after the serum starvation, the expression level of E2F-1 was low. However, 18 h after the serum stimulation, the E2F-1 protein level rose and this correlated with a signi®cant increase in the E2F speci®c reporter activity a b Figure 2 Accumulation of E2F-1 in response to hypoxia. RKO cells were plated into 90 mm dishes and subjected to either 24 h of hypoxic conditions or left as untreated. The cells were harvested with NP40 lysis buer. The lysates (50 mg) were separated on an 10% SDS ± PAGE gel and immunoblotted with anti-E2F-1, anti-p53 and anti-PCNA antibodies C-20, SK-79 and PC-10 respectively. In (a), lanes were labelled as CON (untreated) and hypoxia (hypoxia treated). In (b), lanes 0 ± 30 are the time course in hours exposed to hypoxia
Stress signals induce transcriptionally inactive E2F-1 DJ O'Connor and X Lu of 36wt but not the reporter 36mt which contains the mutated E2F binding sites (Figure 4b) . Interestingly, the treatment of UV was able to abolish the increased transactivation function of E2F-1 in the cells stimulated by serum (36wtUV in Figure 4b ). This result suggested that UV can inactivate E2F-1 to transactivate genes. The reduced transactivation function of E2F-1 in response to UV was not due to a general shut down of transcription. Under the same condition the UV induced p53 was able to transactivate a p53 reporter mdm2-luc stably expressed in the NIH3T3 cells (Figure 4c , lower panel). These results demonstrated that UV induced E2F-1 is transcriptionally inactive and this is in contrast to p53 which is stimulated following DNA damage including UV irradiation (Lu and Lane, 1993) . One potential explanation of this observed transcriptional data is that in both NIH3T3 and RKO cells, UV causes the hypophosphorylation of Rb and as a consequence, UV induced E2F-1 will be in complex with Rb and transcriptionally inactivated. If this was the case, one would predict that in an Rb null cell, Saos-2 cell for example, DNA damage induced E2F-1 should be transcriptionally active. However, the result shown in Figure 4d argued that even in Saos-2 cells which lack a functional Rb, the UV induced E2F-1 was also defective for transactivation of 36wt-luc reporter activity. This result suggested that Rb ± E2F-1 complex may not be the explanation for why DNA damage induced E2F-1 was transcriptionally inactive.
Discussion
The results shown here demonstrated that stress signals such as UV and hypoxia can induce the expression of E2F-1 through a p53 and Rb independent manner. We do not yet know the precise mechanisms through which stress signals can induce the expression of E2F-1. It was shown recently that DNA damage such as UV irradiation can increase the stability of E2F-1, and the down regulation of mdm2 expression by microinjecting Figure 4 UV induced E2F-1 is unable to stimulate its reporter activity. RKO, NIH3T3 and Saos-2 cells stably expressing E2F reporter 36wt, the control construct 36mt and mdm2-luc were subject to 10 J m 72 of UV irradiation (a, c, d and part of b). For the NIH3T3 cells used in (b), serum was removed for 48 h to arrest cells at G1 stage of the cell cycle. Twenty per cent of the serum was then added to the medium to stimulate the cell cycle entry. The number of hours after the serum stimulation was labelled as 8, 14 and 18 h (b). The NIH3T3 cells labelled with 36wtUV or 36mtUV were UV irradiated at the beginning of serum stimulation and stimulated for the indicated hours. The cells were harvested 12 h post UV treatment (a, c and d) or at the indicated hours after the serum stimulation (b). The lysates were prepared using Reporter lysis buer (Promega). The transcriptional activity of E2F was measured in RKO (a), NIH3T3 (b and c, upper panel) and Saos-2 (d) cells. The transcriptional activity of p53 was measured in NIH3T3 cells stably expressing a p53 reporter mdm2-luc and is shown in the lower panel of (c). The same lysates derived from one of the experiments used in the luciferase assay were loaded on a 12.5% gel and immunoblotted with anti-E2F-1 antibody C-20 (1 in 500 dilution, Santa Cruz) and anti-PCNA antibody PC-10 (the right panel of a, c and d, the lower panel of b and a and d, respectively) an antisense oligonucleotide can increase the expression of E2F-1 (Blattner, 1999) . It was therefore hypothesized that the activity of p53 is required for the induction of E2F-1 in response to DNA damage. This was supported by the observation that the E2F-1 response to DNA damage was lacking in the three cell lines which express mutant p53. However, our results shown here demonstrated clearly that stress signals including UV, can induce the expression level of E2F-1 independent of p53. Nevertheless, our data could not rule out the involvement of mdm2 in the regulation of E2F-1 expression in response to UV, since other members of the p53 family such as p73 can still transactivate the expression of mdm2 in p53 null cells. Interestingly, the transactivation function of p73 was shown to be inhibited by mutant p53 (Di Como et al., 1999) . Therefore, it is possible that the lack of E2F-1 response to UV in mutant p53 expressing cells were due to a very low basal level of mdm2, lower than that in p53 null cells.
The results shown here also argued that the stabilisation of E2F-1 by DNA damage agents is unlikely to be mediated by Rb, since the induction of E2F-1 was observed in Saos-2 and the MEFs derived from the Rb knock out mice. In addition to Rb, other proteins have been reported to be involved in regulating the stability of E2F-1. One such protein is the F-box protein Skip2 which can bind to the Nterminus of E2F-1 and target it for degradation (Marti et al., 1999) . It remains to be elucidated whether stress signals such as DNA damage agents can increase the expression of E2F-1 by preventing the interaction between E2F-1 and Skip2. Furthermore, it has also been shown recently that phosphorylation of E2F-1 at the residues 403 and 433 can regulate its stability (Vandel and Kouzarides, 1999 ). Therefore it is also possible that stress signals may increase the stability of E2F-1 by inhibiting the phosphorylation of E2F-1 at the sites of 403 and 433. Further investigations are required to understand how stress signals can induce the expression of E2F-1.
E2F-1 is the only gene identi®ed so far which can act as an oncogene as well as a tumour suppressor gene. The oncogenic activity of E2F-1 is often linked to its ability to promote cell proliferate, and this requires its transactivation function. Interestingly, the E2F-1 induced by stress signals are transcriptionally inactive, suggesting that the induced E2F-1 may not be oncogenic. This property of E2F-1 is in agreement with the fact that cell cycle arrest is one of the most common cellular responses to stress signals. Although we do not know why DNA damage induced E2F-1 was transcriptionally inactive, it is possible that the induced E2F-1 may possess other functions such as apoptosis or gene repression, which are independent from the transactivation function of E2F-1. This is particularly interesting, since E2F-1 is also a tumour suppressor gene. The tumour suppression function of E2F-1 is more related to its ability to induce apoptosis and this has been uncoupled from its transactivation function (Hsieh et al., 1997; Phillips et al., 1997) . Thus it is reasonable to speculate that one of the important functions of E2F-1 in response to stress is to induce apoptosis. It is under this condition E2F-1 may act as a tumour suppressor.
Materials and methods

Tissue culture
Cells were grown on sterile tissue culture dishes in 378C incubators with 10% carbon dioxide and maintained in DMEM medium supplemented with 10% FCS, 100 IU/ml penicillin-streptomycin and 2 mM glutamine.
Ultraviolet light treatment (UV) Medium was removed from cells and retained in a tissue culture hood. The monolayer of cells was exposed to 10 J m 72 of ultraviolet light using a specrolinker XL-1500 UV crosslinker (Spectronics Corporation) or left as untreated. The medium was put back on the cells and the dishes placed in a 378C incubator. The cells were harvested after the appropriate time points.
Cisplatin and etoposide treatment Cisplatin (David Bull Laboratories) or Etoposide (Bristol-Myers Pharmaceutical) was added to the tissue culture medium to a ®nal concentration of either 2.5, 5 or 10 mg/ml. The cells were harvested after the appropriate time point.
Hypoxia treatment Cells were placed in an AnaeroGen 2.5 litre jar (Oxoid). The AnaeroGen sachet and Oxoid anaerobic indicators (Oxoid) were secured to the plate carrier and the lid of the jar sealed immediately. Within 30 min the oxygen level decreased to less than 1% as determined by the oxygen indicator. The CO 2 levels were maintained between 9 ± 13%. The jar was placed in a 378C incubator and the cells harvested after the appropriate time points.
Serum starvation Medium containing 0.5% FCS was added to cells in 60 mm dishes for a period of 48 h. Cells were released from cell cycle arrest following the reintroduction of fresh medium containing 20% FCS.
Cell transfection and stable clones
Adherent cells were split in 60 mm dishes at 2.5610 5 cells per plate 24 h prior to the transfection procedure. Thirty minutes before the transfection the medium on the dishes was removed and 2 ml of fresh medium replaced. 16HBS buer was mixed with 5 mg of either 36wt, 36mt or mdm-2 luc together with the neomycin resistant plasmid (0.5 mg). The precipitate was formed at room temperature for 15 min with 2.5 M CaCl 2 and the mixture applied in a drop wise fashion. The dishes were washed 6 h post transfection with DMEM medium and fresh medium replaced. Stable colonies were produced by serial dilution of the transfected cells into 90 mm dishes with 1 mg/ml G418 Geneticin Sulphate (Gibco ± BRL) medium. Colonies of G418 resistant cells formed and these were selected using sterile cloning rings and tested for the presence of the plasmid by Luciferase assay.
Luciferase reporter assay
Cells stably expressing reporter plasmids 36wt, 36mt or mdm-2 were harvested following three washes in 16PBS and lysed at room temperature for 5 min using 150 ml 16Re-porter lysis buer (Promega). The cell debris was removed by centrifugation and 20 ml of the cell lysate was placed in a wash tube (Sarstedt) and assayed for luciferase activity using the Luciferase substrate kit (Promega) and a Luminometer (AutoLumat, EG & G Berthold).
Western blotting
Cells lysates were obtained either from NP40 lysis buer (1% NP40, 50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA pH 8.0) or Reporter lysis buer (Promega). The protein concentration was determined using the BioRad assay system (BioRad) and the lysate (25 ± 50 mg) mixed with 56sample buer. SDS-polyacrylamide gels were prepared and the cell lysate loaded. Proteins were separated and blotted onto prewet Protran nitrocellulose membrane (Schleicher and Schuell). The blot was blocked in 10% reconstituted milk powder in 16PBS and then incubated with primary antibody prepared in tissue culture medium or as undiluted hybridoma supernatant. Antibodies used were speci®c to E2F-1 (polyclonal antibody C20, Santa Cruz, USA), PCNA (PC-10 hybridoma supernatant) or p53 (polyclonal antibody SK-79). Our lab produced SK-79 following successive inoculations of bacterially produced p53 protein. Subsequently the blot was incubated with secondary horseradish peroxidase conjugated antibody (Dako). The blot was washed with repeated changes of TBS-T (10 mM Tris pH 8.0, 150 mM NaCl, 0.5% (v/v) Tween 20) in between each step. ECL substrate solution (Amersham Life Science) was applied according to the manufacturers instructions.
